The aim of this study was to investigate the structure of intact oral biofilms using confocal laser scanning microscopy (CLSM). Mixedspecies biofilms were grown on enamel discs in a constant depth film fermentor. The biofilms were fed with a mucin-containing artificial saliva with or without sucrose supplementation. Biofilms were examined using a Wild-Leitz CLSM, operating in reflected light mode. The microstructure of non-supplemented biofilms was revealed to be complex, with stacks of bacteria developing over time, separated by clear channels. Sucrose-supplemented biofilms appeared to colonise the substratum more rapidly. The results of this study have shown that using CLSM it is possible to examine the structure of oral biofilms grown under conditions similar to those which would exist in vivo. ß
Introduction
Dental plaque is a naturally occurring microbial ¢lm or bio¢lm which develops on the tooth surface [1] . Several methods have been used to view the microstructure of these bio¢lms including light microscopy, transmission electron microscopy, scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) [2] . Traditional light microscopy has been shown to be useful only in the early stages of colonisation and plaque development, while electron microscopy usually requires specimen preparation involving dehydration, which may cause disruptive shrinkage and the loss of bio¢lm matrix which can comprise 73^98% of in vivo bio¢lms [3, 4] . CLSM forms a bridge between optical and electron microscopy [5] , a¡ording penetrative views of specimens. It is possible to view hydrated bio¢lms of much greater thickness or age and the specimen can remain untouched. However, there are still problems associated with this approach, including beam quenching, auto-£uorescence of the specimen and the need, when using £uorescence labelling, for staining, washing and ¢xing [6, 7] .
Any physical handling will disrupt the structure of the bio¢lm [8] and therefore the object of this study was to investigate the structure of intact oral bio¢lms using CLSM grown under di¡erent nutritional conditions, without disturbing the bio¢lm structure.
Materials and methods

Inoculum and media
Saliva, collected from 10 healthy individuals, was used as an inoculum to provide a multi-species bio¢lm consisting of organisms found in the oral cavity. The nutrient source in all experiments was a mucin-containing arti¢cial saliva, the composition of which has been described previously [9] . In some experiments, 330 ml of a 10% (w/v) aqueous solution of sucrose was pumped over the bio¢lms for 30 min via a second peristaltic pump. This was carried out thrice daily at 9 a.m., 1 p.m. and 5 p.m. to mimic the intake of sucrose in the diet and equating to the total mean daily intake of sucrose of an adult in the UK [10] .
Production of bio¢lms
Bio¢lms were grown in a constant depth ¢lm fermentor (CDFF; University of Wales, Cardi¡, UK) as described by Pratten et al. [11] . The CDFF consists of a stainless steel turntable which rotates under polytetra£uoroethylene (PTFE) scraper blades. The turntable holds 15 PTFE pans £ush around its rim, each having ¢ve vertical holes containing 5-mm diameter PTFE plugs. The bio¢lms were grown on bovine enamel discs, 5 mm in diameter and 1 mm in depth (Eastman Dental Institute, Biomaterials Dept.), which sit on the plugs and were recessed below the height of the pan by 100 Wm. Media and nutrients enter through a stainless steel plate at the top of the fermentor which also has an air outlet and sample port while the base plate has an e¥uent outlet. Inoculation was carried out by adding 1 ml of pooled saliva to 500 ml of arti¢cial saliva, mixed, and pumped into the CDFF for 8 h. After this time, the inoculum £ask was disconnected and the CDFF fed from a medium reservoir of sterile arti¢cial saliva delivered at a rate of 0.72 l per day, corresponding to the resting £ow rate of saliva in man [12] . Pans were removed aseptically through the sample port and the bio¢lms were left in the pan so as not to disturb them, this also gave ¢ve replicate bio¢lms for each time point from which representative images were taken.
CLSM
Fully hydrated bio¢lms (un¢xed, unstained) were examined using a Wild-Leitz CLSM with U4 or U10 objective lenses (Nikon Plan Apo, Air). Images were acquired in re£ectance mode (incident light = 488 nm line of argonion laser, neutral beam splitter, no emission ¢lter) [13, 14] . Due to the extended dynamic range of the photomultiplier tube detectors of the microscope, compared to the human eye, di¡erences in the intensity of re£ected light can be measured with great sensitivity. In the case of a sample with homogeneous re£ectivity, such as a bio¢lm, these di¡erences in re£ectance intensity can be ascribed to the height of the sample relative to the focal plane. The confocal pinhole may then be used in the normal fashion to vary the focal discrimination. With the pinhole wide open (no confocal discrimination), the entire depth of the sample can then be viewed simultaneously, producing a re£ected light intensity map of the sample surface, which provides topographical information. The microscope software then applies a colour look-up table which assigns di¡erent colours to areas of the image of di¡erent grey- scale values to ease interpretation. By reducing the pinhole size to increase confocal discrimination, the relative height of the highest and lowest features of the bio¢lm could be determined, providing a thickness measurement. 512U512 pixel images were captured straight to an IBM PC. Surface plot images were generated using Scion ImagePC (Scion Corporation), based on NIH image for Macintosh. The ¢nal image was 1 mmU1 mm and represents over 5% of the entire disc surface.
Results
Using the CLSM in re£ectance mode, which requires no staining, the microstructure of the dental plaques could be observed over time, indeed, at higher magni¢cation individual bacteria could be observed on the surface (Fig. 1) . After 2 days, the bio¢lms grown in the absence of sucrose had colonised a small area of the bovine enamel surface with structures of varying heights emanating from it (Fig.  2a) . After 4 days, a greater proportion of the surface had been colonised although there were still areas where the surface could be observed. As the bio¢lms developed over time, so the height of the structures increased. Where there were stack-like structures in close proximity to each other, it would appear that channels were forming between these structures, indicated by the arrows in the ¢gures (Fig. 3a) . After 9 days, the microcosm plaque had developed to a greater depth, however, some areas existed which were now void of bio¢lm structure (Fig. 4a) .
In contrast, the microcosm plaques that were supplemented with sucrose took on a very di¡erent appearance, with most of the surface colonised after only 2 days. The overall structure appeared much £atter with only a few smaller peaks (Fig. 2b) . Fig. 3b shows the microcosm plaque after 4 days of growth supplemented with sucrose. The obvious di¡erence between this image and that from the non-supplemented plaque was that a large proportion of the surface was visible and appeared to be devoid of any structures, however, the structures which did form appeared taller. After 9 days supplemented with sucrose, there was a much greater coverage of the surface although the apparent height and stack structures had been much diminished (Fig. 4b) . Fig. 3 . Plot pro¢les generated from CLSM images of 4-day-old bio¢lms grown in the absence of sucrose (a) and the presence of sucrose (b). Arrows indicate voids and channels. Scale: 1 mmU1 mm viewed with a U4 objective. Fig. 4 . Plot pro¢les generated from CLSM images of 9-day-old bio¢lms grown in the absence of sucrose (a) and the presence of sucrose (b). Scale: 1 mmU1 mm viewed with a U4 objective.
Discussion
The results of this study have shown that by using CLSM in re£ectance mode, which required no staining or ¢xing of the bio¢lm, it was possible to examine the structure of sucrose-supplemented and non-supplemented oral bio¢lms grown under conditions similar to those which exist in vivo. The bio¢lms obtained appeared to contain stacks separated by voids and channels through the extracellular matrix, which developed over time. Previous CLSM studies of in vivo dental plaque have also shown voids, where the substrata can be visualised, as well as channels running through the bio¢lm [14, 15] . Although there were obvious di¡erences between the differently grown plaques over time, similarities could be observed at di¡erent stages of growth. For instance, the plaques grown in the absence of sucrose for 4 days had a similar appearance in terms of substratum coverage to those supplemented with sucrose after 9 days.
One of the main di¡erences was the extent of bio¢lm accumulation on the surface after 2 days. The non-supplemented bio¢lms had very little coverage compared to the almost total coverage of the sucrose-supplemented bio¢lms. It has previously been shown that diets containing sucrose can increase plaque mass [16, 17] , indeed, an increase in carbohydrate would be expected to promote an increase in bacterial extracellular polymers [18] .
The other main di¡erences observed were the changes in structure over time. The non-supplemented bio¢lms seem to form a larger number of stacks and troughs over time while the sucrose-supplemented bio¢lms seemed to loose such features over the same time period, thereby producing a bio¢lm with a more even structure. Such di¡erences have been described previously in di¡erent model systems, whereby an increase in the amount of substrate available may increase the density of the bio¢lm [19] . Alternatively, these di¡erences may stem from the di¡erent physical forces exerted on the bio¢lm. As the structure of the bio¢lms developed at di¡erent rates over time, so the £uid dynamics and abrasion forces would be di¡erent. Di¡er-ences in £uid dynamics may cause di¡erences in the growth of stacks or the appearance of troughs, while abrasion may cause sloughing and shear removal of the bio¢lm [20] .
The processed images showed that plaque developed not as a uniform layer of cells, as SEM of (dehydrated) bio¢lms may show, but as discrete stacks of cells separated by channels. We found that distinctions could be made between bio¢lms based on their age or on the nutrients available to them.
